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REPORT TO ASTROIRLUMXS' COImiITTEE

Contract N8onr-578

ProJect NR 084-284:

Studies of Obsidian as a Material for Use in Making

Astronomi aal Mirrors.

AM1 OF THE PRO2-TEG -c

The aim of this project is to determine the extent to which

obsidian can be used for making large mirrors for astronomical tind

other optical applications.

-REQIRMENT OF A IIATML-RL TO BE USED FOR M1AKING OPTICAL MIRRORS

A satisfactory material for use in making large mirrors miast

have the following properties:

1. Freedom from many bubbles or inclusions.
2. Ability to take a high polish with usual optical techniques.
3. Low intensity of light scattered from the polisbed surface.
4. Ability to hold firmly an aluminum coating, or some other

coating to which aluminum will stick,
5. LoW thermal expansion, and uniform expansion throughout the

material.
6. High thermal conductivity (to equalize temperature differences).
7. Hc=mogeneous composition.
8e Good annealing.
9, Availability in sizes at least 20 inches in diameter, and

preferably cousiderabiy larger, at low cost.

A surface free from defects is naturally desirable, A limited number

of bubbles or inclusicas will do little harm beyond slightly reducing

Sthe light reflected by the mirror. Many small defects will, however,j

-* The first few pages of this report are paraphrased or .copied -from
the 06mbined First and Second Periodic Status Reports, so that the
present report will be complete in itself.)



have a serious effect on performance, since when aluminized they

will combine to scatter a significant percentage of total light out

of the beam, and the result will be diminished contrast in the image

of any extended object. Ability to take a high polish is necessary

for the same reason. Since aluminum is still the most generally

useful coating for optical mirrors, it is important that the material

used be able to hold aluminum, or an intermediate layer, firmly.

Astronomical" mirrors are inevitably exposed to sharp temperature

changes, and it is therefore important that they be made of a sub-

stance which has low thermal expansion and high thermal conductivity.

These two properties combine to determine the response of optical

figure to a change in temperature; thus a high coefficient of ex-

pansion is offset to some degree by a high coefficient of conduc-

tivity, and vice versa. Homogeneous composition is important,

since if the composition varies through the material, thermal expan-

sion will also vary, with the result that if the mirror has a perfect

figure at one temperature, this will not be the case at a different

temperature, even if the mirror has attained thermal equilibrium.

Good annealing of the material is essential, since internal strains

will gradually destroy a perfect optical figure. Any material must

be readily obtainable in the form of discs considerably larger than

20 inches in diameter, if it is to be useful for making mirrors,

since no difficulty is encountered in obtaining glass discs of

moderate size.

BAGKGRO7• fl&.. M'E PRESENT PROJECT

Glass is ordinarily employed for making astronomical mir.-ors

ad for most mirrors in other optical applications. Until i.bout
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twenty years ago, ordinary well-annealed glass was employed, but in

recent years the use of Pyrex hes become almost universal, because

Sof its lower coefficient of expansion. Since the recent war, suit--

able glass of this type has becone extremely expensive, both in the

United States and in England, and is difficult to obtain in large

sizes. A different material with suitable properties, if readily

available at iodoerate cost, would be extremely useful. The sugges-

tion that obsidian might be used for large telescope mirrors was

made more than thirty years ago by Dr. F. E. Wright, but until re-I• cently no serious attempts have been made to investigate its optical i

usefulness,

Obsidian is a glassy rhyolitic lava, generally regarded as a

4 magma which failed to crystallize when it cooled. Most specimensI contain inclusions (microliths, in the form of minute crystals, but

in many cases these do not appear to project above the polished :1

surface of a polished mirror more than a small fracticn of a wave ,

length of light. The coefficient of expansion of several samples

of obsidian, measured in the past, is about 4.6 x 10-, which isI som•-hat greater than that of Pyrex.

A considerable number of small mirrors were made at the

ii California Academy of Sciences for use in military instruments

during the recent war. These v:ere entirely satisfactory. A 5-inch

{ flat mirror made by Mr. Fred B. Ferson Yas examined and found to be

•\ quite satisfactory as regards figue and capable of taking an alumi-

num coating which did not appear to scatter much mcre light than a

similar coating on glass.

On the basis of the above facts, it was felt worth w~hile to

investigate further the possibilities that obsidian could be used

-~ 
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for making relatively large mirrors, in cases where glass might not

be readily available.

-PL OF TME IITMV GATION

T'ie investigation has been planned with the aim of determin-

ing, with the minimum feasible expenditure of time and funds, thef "physical and optical properties of obsidian from several sources,

and in the process gaining some information as to the probable

cost of obtaining satisfactory discs of obsidian of various sizes.

- - An effort is being made to obtain small samples of obsidian

from as many locations as possible where the material is reason-

ably free from cracks and inclusions. Test mirrors 3 inches in

diameter are being made from all promising samples, and whenever

possible two or more from each deposit, selected at intervals

separated by a considerable distance from one another and with

descriptions and photographs to identify the spot. These 3-inch

mirrors are being examined microscopically to determine the

frequency of bubbles, crystals, and other inclusions in the sur-

face. Thin sections of the same material are teing exemined

I microscopically. The mirrors are being aluminized over a por-

tion of their surface, and the percentage of light scattered by

the resulting mirror is being measuredc In all cases where the

results of these tests are promising, an attempt is being made

to obtain larger samples, for making 6-inch to 10-.inch mirrors,

which w3l1 be tested for figure over a ",Ade range of temperatures.

If tests of these mirrors show good results, still larger blocks

d &U be obtained, if possible. Finally, several mirrors wift

diameters of approximately 18, 26 and 50 inches will be made from
the best material available from any source, and will be tested



critically for permanence of figure at various temperatures, and

t for scattered lighte
Arrangements are being mada to determine the physical and

chemical properties of as many as possible of the moat interest-

ing samples of obsidian* The cost of making such measurements is,
however, considerable, and so the number must necessarily be limited,

I- The folloving properties will be investigated:

1o Density
2. Index of Refraction
3. Strain
4: Optical density
5. Thermal Expansion
6. Thermal Conductivity
7. Specific Heat
8. Chemical Composition

It is to be hoped that certain of these laboratory measurements

of physical properties will make it possible to select samples of

obsidian which are suitable for making large mirrors, by predict-

ing to a considerable degree the optical performance that can be

I expected from a p.rticular sample. Such a basis for selecting

material would be important from an economic point of view.

[ In order to avoid repetition, the details of the program will

S be described under the various headings of the next section, in

� which the results to date are summarized.

I ACTIVITIES TO DATE

I. Collection of Samples of Obsidian

The most effective procedure for collecting obsidian would

undoubtedly be to arrange for a geologist and an assistant to

visit a considerable number o- the most promising deposits of

obsidian in the United States, .1.exico, and Icelaud. With a
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truck and hoisting gear they could not only make examinaticas of

the deposits on a uniform basis, but could in a relatively short

time accumulate representative samples of the material for study.

Stich a field investigation would, however, require appreciably

more fanda than are available under the present contract.

Aooorlingly, it has been necessary to depend largely on the willing-

ness of individuals, with a great variety of interests and back-

gr•cnd,, to supply information regarding deposits of obsidian and

to obtain samples with the minim= of cost. In spite of the fact

that this procedure is not as satisfactory as a survey conducted

by one small group for this specific purpose, the resmlts to date

are very significant. We are particularly indebted to Dr. G.Dallas

Hanna, of the California Academy of Sciences, who has spent much

time and effort, without amy remuneration, in acquiring samples

of obsidian from northern California, southern Oregon, ard from

Nevada. He has made available to us his pioneering experience

in the use of obsidian for mirrors in military instruments.

Stveral other individuals, as indicated below, have besi extremely

helpful in providing samples from a wide variety of sources. These

sources are divided into tva groups, on the basis of the quality

of samples examined up to the 1resent time:

A. �Sources which are Extremely Promising:

I. Iceland. Material of very high quality has been recelvd from

Mr. Xgill Arnason, in. Reykjavik, as a result of arrangements

made by Dr. Asg. Thorsteinsson, Chairman of the National Re-
search Council of Iceland. Two 3-inch mirrors made from the

only sample received so far, are excellent as regards surface 4

structure. We hope to receivs several larger samples in the



nesa future. Large cliffs of black obsidian occur near

My Vatn, and it seems likely that this will turn out to be

an important source of obsidian of high quality,

2. Glass Mountain, Siskiyou County. California. This

region has been examined by Dr. Hanna, who regards it

as the most promising source about which he has definite

7 information. Boulders of two types are exposed on the

i surface: (1) grey banded obsidian, from ,hich a very

satisfactory 10" mirror has been made under this con-

tract, and (2) black obsidien. Two boulders of the

f grey obsidian have been selected by Dr. Hanna and

Mr. Ohesterman, of the California State Division of

Mines, and vill be moved to San Francisco in the near

future for saving into discs, probably 24" to 30" in

diameter. Unless mae promising discs of similar

size can be obtained from other localities, one or

more of these discs will be ground and polished as

mirrors for testing.

-0-
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S" Fig, I
Obsidian Boulders from whioh Samples Nos. 16 (left) and 17 (right)
Swere chipped. Glass Mountain, Siskiyou County, California.
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*. Washoe County, Nevada. One sample of very black obsidian

of extremely high quality, has teen received from Mr, Carl

Wells of Rosevil7•, California, through the kindness of

Mr. Person. TVo very excellent 2" test mirrors have been

made from this sample. The source of this material is

being iniestigated, in the hope that larger sanples can be

ob- :-ined,

S4. Le u n. Severe2 samples of dense b!ack obsidian

frci, .a" ":er.c ,' .. e been obtained through Ward's Natural

Scienve Estt,: l+ ;hment. 3-inch test mirrors are being made

from chese samples, .-Jhich appea7" excellent, Larger samples

will bt, ýbtained as soon as snow conditions permit, if the

preliminary a3sts are satisfactory.

B. Sources which are Moderately Promising:

1. St. Heiena, Napa County, California. Dense obsidian of

excellent quality occurs here. 03e 5" flat mirror loaned

by Mr. Verson vas made from this obsidian. But no pieces

larger than about 13"- are exposed on the surface, so that

some excavation would be required td obtain larger pieces.

In view of the accessibility of this site to San Francisco,

it should be investigated further*

2. Valle Grande, N.M. Several excellent senrples of dense black

Sobbsidian from this region have been provided by Prof. E.S.

Larsen of Harvard. An attempt is being made to interest

some members of the staff of the laboratory at Los Alamos

(Which is nearby) in collecting samples 10" to 18" in

diameter, and in determining what facilities would be re-

-8-



,i quired to obtain larger samples. Information is also

being requested from the U. S. Geological Survey, which

has recently had an expedition in this region.

3. Richland, Washington. 11r. John Holeman states that large

pieces of obsidian occur in this vicinity. They contain

a moderate number of pumice inclusions, but these can

probably be avoided in cutting. One sample sent to

Ferson and examined in RochesteT' has more inclusions than

most obsidian so far tested. Larger chunks can be obtained

in thewspring.

4e M ichocoan ý,.tate, Mexico, •I1r. juan B. Garcia, in Niles,

S•California, knows of a deposit Where boulders weighing

Sup to several tons can be obtained on the surface.

A sample has been examined grossly. It is very black

and appears to be reasonably homogeneous, with few

streaks or inclusions. Mirrors and sections are being

1 made. It would probably be expensive tc obtain large

pieces from this site, and that would be justified only

if small samples showed the material to be superior to

that from the U.S.A. and Iceland.

5. Isle of Lipari. A sample made available by Prof. Larsen

is much more transparent than most obsidian. Quite

apart from its usefulness for making mirrors, this

material should be of great interest because it can be

tested for internal strain, and may give an indication

an to the strain of other deposits.

0, Sources which are not Promising (but which warrant further study):

1. Lake County, California. Dr. Hanna and Mr. Chesterman

_-_9-



visited the large deposit at Clear Lake in June, 1948.

Pieces of obsidian up to 24" and more in size have been

piled up at the quarry, where some of this material is

being broken up into gravel. Examination, shows, how-

ever, that most of t1.e material has so many inclusions

that its usefulness is doubtful.

2, Millard Co. , Utah. A sample from Ward's Natural Science

Establishment is black, but contains numerous fine

streaks of light material. Its usefulness is doubtful,

but other samples will have to be examined before any
-: definite conclusion can be reached.

3. Yellowstone Park. All reports agree in indicating that

this deposit has many bubbles and is probably not suitable

for optical use. It was visited by Ferson in the summer
z• of 1948.

4, Mororatio, Mexico. One sample has beEn supplied by Ward's

SNT.S.E. It is black, w"th a dull surface on fracture.

It appears uniform, without inclusions or bubbles visible

with a 10X magnifier. mest mirrors and sections are

being made. Other sources in Mexico will be investigated.

The collection of small specimens from many sources will be

I continued. Little cost is involved, since most people are glad

to contribute samples for a non-commercial study, such as this.

The polishing of 3-inch test mirrors, and the examination of

polished surfaces and sections is also easy and inexpensive.
IdlMuch can be learned about a deposit from such examinations, with-

• 1out the more expensive measurements of physical properties.

-10-



II., Miorosooiic Exa. iation of Structure

Thin sections (0.03 mm) of several samples have been

groxund and mounted by Mr. George T. Robinson, Jr., at

Harvard. These have been examined by Professor Harold L.

Alling, at the University of Rochester. The samples from

Washoe Go., Nevada (No. 10) and the stmple (No. 7) supplied

by Hanna from a river bed in Nevada (location unkrovwn) show

the smallest number of inclusions, and other microscopic

Sdefects. The material from Siskiyou Co. and St. Helena,

California shows some banding and a considerable number of

microlites. but few bubbles or cracks. The most frequent

length of microlites in obsidian from Valle Grande, N.M.

is about 15 microns. Examination of the polished sur-

faces gives results similar to those obtained from the thin

sections. These studies will be extended to all avail-

able samples, and will be put on a quantitative basis. The

Engineering Department at the University of Rochester has

made available a very good metallurgical microscope, with

photogra hi attachment f

SII

,•,,

Fig.
Photomicrograph of Surface of 5-inch Flat Mirror, made from
Obsidian from St. Helena, California. 50OX Magnification.



III. Optical Grinding and Polishing

All of the optical work has been done by Mr. Fred B.4 Ferson, of the Ferson Optical Co., Biloxi, Mississippi.

M*'. Ferson has given this project much personal attention,

and is making test mirrors of all sizes at irices considera-

bly below his usual quotations for glass mirrors, as part

of his contribution.
The samples were cut with a diamond saw, milled on a

lens generator and ground with No. 240 Aloxite, UO-30,

UO-14 and UO-8 Garnet, and were then polished on pitch

laps with Barnesite, followed by fine rouge for figuring.

All samples were as easily worked as fused quartz and

Pyrex, Polishing was continued until all pits due to

fine grinding were eliminated. Crystal formations in the

matrix exhibited no effect on either polishing or figuring

operations, as far as could be seen. with lOX magnification.

Distortion of the surface due to the heat generated

by fast polishing with a heavily weighted tool was as fol-

lows for 5-inch mirrors: Quartz-1/2 fringe; obsidian-

1 fringe; Pyrex- 6 fringes. This unexpaected observation

must be investigated. It is unlikely that it is due to

a greater heat conductivity for obsidian. It has been

suggested that hysteresis may be less for obsidian than

for Pyrex. The observations apply to obsidian from

Siskiyou Co., Cal., Washoe Co., Nevada, Lake Co., Oregon,

and Iceland.

Samples of Lake Co., Oregon obsidian have been heated

to about 20000 and plunged into cold water without fractur-

-12-



ing. The material seems to breek less easily when struck

with a hammer than fased quartz,, Pyrex, or ordinay glass.

IV*Laboratory Tests of Mirrors

1. optical Figure

A Foucault test set is being constructed for use in

makinj, tests of concave obsidian mirrors at various tempera-

tures, both above and below the temperature at which each

mirror - figured. These tests wdil show whether there

are inhomogeneities in composition large enough to distort

the figure, after equilibrium lhas been attained, at a high

or low temperature.

Plans are being made for constructing a small in-

sulated oven with a double glass window, in vhich 3-inch

mirrors of obsidian can be heated uniformly to about 100°C,

or cooled to about -76 0 C, while being examined for figure

on an interferometer at Bausch and Lomb. These tests

will also show whether inhomogeneities are sufficient to

alter the figure when a mirror is in equilibrium at a

temperature very different from that at viich it was figured.

2. Scattered Light

Equipment is being set up for making quantitative

measures of the percentage of light that is scattered out

of the beam by aluminized obsidian mirrors. A model of

this equipment is almost ready for testing. These measure-

ments are particularly important, because the reduction of

contrast by a mirror can be one of its worst defects.

Additional measures of scattered light will probably be

-13-



-P
made by measuring the apparent brightness of the sky close

to the sun, reflected in obsidian mirrors, and comparing

the observed value with that obtained for the sky without

a mirror. A sky photometer developed by Dr. John Evans
at the Harvard High Altitude Observatory at Climax,

Colorado, can probably be used for this purpose. Qualita-

tive laboratory tests Lndicate that aluminized obsidian

mirrors do not scatter much more light than aluminized

Pyrex mirrors.

VePhysioal and Chemical Properties in obsidian

1. Density. This wrill be measured at the University

of Rochester on all available samples, without cost.

2. Index of Refraction. This can also probably be measured

at the University of Rochester, without cost.

5. Strain. It is most important to have information about

strain in obsidian, as an indication of the pDrmanenoe of

figure that can be expected. However, the opacity of

the materiel renders it difficult to pass a beam through

a path long enough for measuring strain, unless the

strain is very great. It is possible that the material

nay be sufficiently transparent in the infrared to permit

using the method employed by Mendenhall, Ingersoll and

Johnson, J.O.S.A., _15, 285, 1927.

4. Optical Density. Samples of obsidian vary greatly in
ili blackness". Thin plates will be polished so that the

absorption curve can be plotted throughout the spectrum,

from 2,200A to 20,OOOA, with a Beckman speotrophotometer

at the University of Rochester. (No cost except polishing

1: -14-



the test plates at Ferson Optical Co.)

5.Thermal Expansion. This is most important, since it is

one of the factors which influences the figure of a

mirror W•h~ it is suddenly exposed to a change in

temperature. Extensive correspondence is in progress,

in an attempt to find a laboratory vWere thermal expan-

sion can be measured at a cost low enocugh to permit

making such measures on a considerable number of the

Sspecimens of obsidian. The lowest price so far quoted

is 428.00 per sample if five samples are run together

(N.Y. Testing Laboratory). Dr. E. D. Tillyer at the

Am,ýrican Optical Co. has offered to measure the differ-

ence in expansion in three coordinateso

6.Thermal Conductivity. This is as important as thermal

expansion. The least expensive measurement quoted to

date is $30.00 (j.L.Finck Laboratories).

7.Specific Heat. This is also important, although it may

vary less than some of the other properties. A single

measurement by the Finck Laboratories costs $50.00*

8oChemical Composition, Most obsidian contains about

72-76% silica, although a few samples are rqp orted wvith

as low as 53% silica. Alumina runs 10-20%, iron oxides

1-5%, yg, Ca,Nx and K oxides total 7-14% and water 0.1-6%.

It will be useful. to have chemical analyses made on at

lea.st some of the more interesting samples, in order to

determine what relation, if any, exists between chemical

composition and good optical properties. However, the"

NY. Testing Laboratory charges $4o.oo per sample for such

analyses, when five samples are submitted together.

-. - -



~On the basis of the lowest estimates of cost to 6ate, the exp•en-

diture for a complete study of one specimen v•ill costL about $158.00.

Unfortunately, the Bureau of Standards cannot probably• make the tests

because of their policy Which avoids competition wi_•1 private labora-

tories. 'Te more expensive tests will be postponed somewhat,. so that

they can apply to those specimens Which are known -to have the great-

est interest from an optical point of view,

STHE OUTLOOK FOR USEUI•NESS OF OBSIDi•IAN 32 -- OPTICAL IqELD.

The aim of this project Is to find out (1) whether obsidian

is a satisfactory material for making optical mirrors of considerable

size and (2) Whether the cost of obtaining suitable material is less

S~than the cost of glass (approximately $3,75 per pound) by a sufficient

amount to justify its use. It is hoped that the technical part of

thea program will supply the answer to the first part of this question,

S~and that actual costs encountered in obtaining raw material from

• ~various sources, for discs up to about 30" in diameter, will set tle

the second part of the question to a considerable extent* If experience

shows that an appreciably higher degree of uncertainty Is involved in

_• using an appersntly good disc of obnsidian, or" which expensive optical

~work must be. done,, than when g-!ass is used, then the cost of the

material fmit be correspondingly less. Tnking all factors into ac-

count'. it seems at ".he moment reasonabke- to suppose that if obsidian

is to be used for large mirrors the total cost of acquiring the raw

i materials transporting it and cutting and edging a disc, should not

exceed4 approximately 1/4 of the cost of a comparable disc of glass.

In other words, i-f the cost of a disc ofL obsidian, from a source

Sknown to have produced other satisfactory optical mirrors, does-not 0

.- - .. I
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exceed about 41.00 per pound, the material may well be extremely use-

* ful. If the cost of an edged disc exceeds $1.50 per pound, it will

probably not be useful.

Thrnere is a question whether, if interest in obsidian should

increase, tue price at the source might rise to a level where its

use would no longer represent a saving. Since the indications are

that several sources of good obsidian can probably be located with-

out much difficulty, if the material is optically acceptable, and

since the amount of obsidian in one deposit is ordinarily tremendous

in comparison with the relatively moderate demand that may be expect-

ed, it seems unlikely that the price of obsidian will ever greatly

exceed the actual cost of selection, removal, cutting and transporta-

tion.

Rochester, N.Y.

December 7, 1948 Theodore Dunham, Jr.
Principal Investigator

12

-17-



$4 k4

0 0

k10,
14 4-21

43 010 02 4-

0 k F4

4.W'

:0 Wi Wi
4-0 4 04 P14

0 CD H H
14 a ab 4 V)

V4 H H

4-) P 40 4-#1 A4 4 a, 4- 4 4-,

0 @5 u

01400 000 AO OH OH HO 0t

to i 0 rE 0.7 OH

I )0 0 00 W0 U)) LO 8) O ) 0Ca O t 0 LU)t L

ol 02 9) t o 01 n 03 c o 0 t o t

Ed) to1 C30 Ha 0- H- H- Hi H

SII otI

r20 r4 to a

k .0 *d @5 0
I V ; L:-; Z0 aM

s 0 tw * tD~ ro0 0 0
0 0'4-5* o 0 0 t

u-I- 0 20 0 0
V1 a2 M W 0 '40 :> 0 ed 0

V4 le' I 0 ~ '

k 4-i tS -r . '4)

0 1~ i~ M 1-4

iH ca 10 In ID t- OD Ob Hi H -I H H H- H Hi



0 CD
43 CD~ -0 0 '0

00

o2 fd M 2
0 0 HQ 0

o oc 0

0 -r0

00

4S f4 I 4- -A -

0Or4 1 0 0H H 0 I- H- 4 0 rI

1 0 0 0D 0 0 0r V riD 00 U)0

43-O 0 4D

0~u 

U 0g4£ 0) HO 0~ 0' 020 C2 LQ COL

1 ~~-4. 4.0.1 n .0 to 0 0 2 1

o) 0 r4- U +

0 0 D O 0 OD CD OD 0 0 2 r2X.
0 o- tO U)U CD fD V O0n O V D2l l U l -

o0 o a o i ) o L 0 0 %MC0L2(7 0 2
14 1 4 0q* ) C 2 C V)0 02 C t--i E HU 0 0

ee H '-I- (

.4 s Vr4 %4

.4 4 U)I a- aI 0 0 )

* 00
0~~~~4 'aj IDrC-U O H 2C

401!
W4K



-757

-' Table II

Obsidian Mirrors

Obsidian
Sample

No* Dimensions No. origin Figure Notes

1 2 x 11 x 65 1 St.Helena, Cal. Flat V. good surface

2 2 U1 65 2 Flat " It

3 125 ,u diem. 6 Flat Aluminized (50% area)

4& 250 am dism. 18 Siskiyou Co. CaL. 20-ft Rad. Aluminized (90% area)

5 50 = diem. Pyrex Corning Flat Comparison Mirror

6 50 u diem. Pyrex Cornirg Flat

7 50 = diem. 5 Siakiyou CoeCal. Flat V. good surface

8 50 = diem. 5 U 0 Flat '

9 50 an diem, 5A St. Helena, Cal. Flat " f ,

10 50 mm diem. 5A l t Flat U " U

11 50 mm diem. 10 Washoe Co.,, Nev, Flat Excellent surface

12 50 = diam. 10 ' U U Flat

.13 40 mm diem, 17 Siskiyou Co.,Cal. Flat Few small inclusions

14 74 m=. diem. 30 Richland, Wash. Flat Many inclusions

15 77 mn diam. 31. Flat

16 67 mm, diem. 10 Iceland Flat Superb surface

17 67 mm diem. 10 " Flat -

- " 29 IA


